Two separate mutants of the green alga, Senedesus oblquus, are described in which photosynthesis is sensitive to moderate intensities of white light (100 mw cm-'). Heterobtphic cultures of both mutants lose photosynthetic activity when exposed to white lght, the site of at least the initidal phase of this inactivation is within photosystem I. Although al whole cell and cell-free reactios typical of photosystem I exam_ied are hibited by irradiaton, the pincipal com nt of photosystem I affected is P-700. In l1ght-sensitive4 the ilnactivatin of P-700 activity is restored during the subseqnt dark period. This recovery is prevented by various antibotics and by anaerobic conditions. In light-sensitive41 P-700 'To whom reprint request should be addressed. Kok (20, 21) , and Forti and Jagendorf (13) demonstrated that Hill reaction activity was also adversely affected. This inhibition differed from that seen with intact green plant tissue since the effect required only light and not the combination of light plus 02-Moreover, PSII activity was more strongly affected than was PSI. Earlier Kok (23) had suggested somewhat reluctantly that photoinhibition involved a primary destruction of the photosynthetic pigment complex and secondary photooxidative reactions. Satoh (34-36) extended the isolated chloroplast studies and found that both PSI and PSII were inhibited by light; the inactivation of PSI required both light and 02 whereas PSII inhibition required only light. In our attempts to isolate specific photosynthetic mutant phenotypes of Scenedesmus obliquus A3 several LS4 types have been found. These include various pigment mutants unable to synthesize carotenoids, photosynthetic electron transport mutants which bleach when grown mixotrophically but show normal pigmentation when grown heterotrophically (6), and mutants which only grow heterotrophically, have near normal pigmentation but possess a photosynthetic activity sensitive to light. The initial phenotype is similar to the mutants developed in Chlorella by Claes (10) and later characterized as LS phenotypes by Kandler and Schotz (22) . The second LS phenotype is normally characterized by a deficiency of Cytf and of cyclic photophosphorylation; the inability of this phenotype to form ATP photosynthetically apparently limits the rate of glucose uptake necessary to sustain growth in the light. The last group has been utilized in the current study and the behavior of two selected mutants, LS-4 and LS-41, is described. The purpose of the present investigation was to evaluate the underlying cause of the induced light lability in the two mutants, and also to examine further the basic mechanism of photoinactivation of the photosynthetic process.
initidal phase of this inactivation is within photosystem I. Although al whole cell and cell-free reactios typical of photosystem I exam_ied are hibited by irradiaton, the pincipal com nt of photosystem I affected is P-700. In l1ght-sensitive4 the ilnactivatin of P-700 activity is restored during the subseqnt dark period. This recovery is prevented by various antibotics and by anaerobic conditions. In light-sensitive41 P-700 activity is recovered only after a complete cell division and new growth. Irradiation periods which nhibit photosyndthesis in both mutants are without effects upon the activity or presence of ferredoxin, ferredoxin-NADP' oxidoreductase, plastocyanin cytochrome 1(552), cytochrome b-562 or cytochrome b-559.
Prolkuged irradiation of cells of light-sensitive41 causes the disappearance of pbotosystem II activity, a-tocopberol, and plastoqu e. Some decrease of both the chiorophylls and carotenoids occurs but there is no preferential deletion of any particular carotenoid.
That the photosynthetic apparatus of green plants is injured by intense white light (concentrated sunlight) has been known since the early experiments of Pringsheim (33) and Ewart (12) . Although the work of these earlier researchers was qualitative, and confounded by both heating and photochemical effects, subsequent research confirmed that irradiation with wavelengths of light absorbed preferentially by Chl caused inhibition of photosynthesis and bleaching of the pigment itself in some, but not all, instances (11, 16) . Emerson (11) suggested that the inactivation of photosynthesis was caused by the preferential loss of activity of an enzyme associated with CO2 assimilation but later studies by Franck and French (14) , Myers and Burr (30) , and Kok (23) showed that the quantum yield of photosynthesis was also affected by intense irradiation. In general, this type of inhibition of photosynthesis was irreversible, particularly when pigment bleaching accompanied the inactivation. Similar photoinactivation studies on isolated chloroplasts by Avron (1), Kok et al. (25) , Jones 'To whom reprint request should be addressed. Kok (20, 21) , and Forti and Jagendorf (13) demonstrated that Hill reaction activity was also adversely affected. This inhibition differed from that seen with intact green plant tissue since the effect required only light and not the combination of light plus 02-Moreover, PSII activity was more strongly affected than was PSI. Earlier Kok (23) had suggested somewhat reluctantly that photoinhibition involved a primary destruction of the photosynthetic pigment complex and secondary photooxidative reactions. Satoh (34) (35) (36) extended the isolated chloroplast studies and found that both PSI and PSII were inhibited by light; the inactivation of PSI required both light and 02 whereas PSII inhibition required only light. In our attempts to isolate specific photosynthetic mutant phenotypes of Scenedesmus obliquus A3 several LS4 types have been found. These include various pigment mutants unable to synthesize carotenoids, photosynthetic electron transport mutants which bleach when grown mixotrophically but show normal pigmentation when grown heterotrophically (6) , and mutants which only grow heterotrophically, have near normal pigmentation but possess a photosynthetic activity sensitive to light. The initial phenotype is similar to the mutants developed in Chlorella by Claes (10) and later characterized as LS phenotypes by Kandler and Schotz (22) . The second LS phenotype is normally characterized by a deficiency of Cytf and of cyclic photophosphorylation; the inability of this phenotype to form ATP photosynthetically apparently limits the rate of glucose uptake necessary to sustain growth in the light. The last group has been utilized in the current study and the behavior of two selected mutants, LS-4 and LS-41, is described. The purpose of the present investigation was to evaluate the underlying cause of the induced light lability in the two mutants, and also to examine further the basic mechanism of photoinactivation of the photosynthetic process.
MATERIALS AND METHODS

CULTURE OF ALGAL STRAINS
The techniques employed for maintenance of the normal and mutant strains of Scenedesmus have been described previously (4, 31) . Cultures were normally harvested for use by centrifugation after 2 days of growth; at this time heterotrophic cultures were still within the logarithmic growth phase and had maximum photosynthetic capacity.
ISOLATION OF MUTANTS
Mutations were induced by either chemical or x-ray treatment (5) and the mutants lacking photosynthetic capacity selected by the 14CO2 technique (27) cell volume/ml were resuspended in 0.05 M K2H-KH2PO4 buffer (pH 6.5) and normally bubbled with 3% CO2 in air (exceptions will be noted). At prescribed times 10-ml samples were removed, centrifuged at 2,000g, the pelleted cells resuspended in 2 ml of either the phosphate buffer or of normal inorganic growth medium and photosynthetic capacity monitored as described below.
PHOTOSYNTHESIS, PHOTOREDUCTION, AND p-BENZOQUINONE HILL
REACTION
Photoreduction and the p-benzoquinone Hill reaction were performed using the methods described by Bishop (5) . Slight modification was made in the assay for Hill reaction activity by including the following in 2 ml of the assay solution: 10 mm MgCl2, 20 Quinone and carotenoid separation and identification were performed with methods similar to those described by Bishop and Wong (8, 9) . Quantitation of the plastoquinone A content of the normal and mutant cells was performed by a single plate chromatography of an aliquot of a methanol extract of whole cells. This procedure, employing Silica Gel G as adsorbent and benzeneheptane (85:15, v/v) as solvent, replaced the column and TLC procedure previously employed. The area on the plate containing plastoquinone was scraped from the plate, the plastoquinone eluted from the adsorbent with chloroform, and the sample evaporated to dryness. The sample was redissolved in absolute ethanol and the amount of plastoquinone determined spectrophotometrically.
The area on the plate corresponding to a-tocopherol (RF = 0. an aliquot of the supernatant following centrifugation of the cell suspension. The amount of glucose consumed during anaerobic irradiation was calculated from the difference between the amounts of glucose remaining in the darkened control vessel and in the illuminated vessels.
HYDROGEN PHOTOPRODUCTION
The production of H2 by anaerobically adapted cells was measured with the Clark electrode adapted for H2 detection (41) as modified by Jones and Bishop (19) for the simultaneous measurement of 02 and H2 production by green algae.
LIGHT-INDUCED ABSORBANCE CHANGES
518 Nm Absorbance Change. An Aminco-Chance (DW-2) spectrophotometer was used to measure the 518 nm A change. Cells (15 ,Al of packed cell volume/sample) were resuspended in 3 ml of 0.05 M K2H-KH2PO4 buffer (pH 6.5) and placed in the sample cuvette. A measuring wavelength of 518 nm was used with the isosbestic reference wavelength set at 540 nm. A Balzer K-4 broad band interference filter and a Corning green 4-77 filter were used to exclude wavelengths of light generated by the actinic light beam. A high pressure Hg arc lamp (150 w) served as the actinic light source; its output was filtered through a Corning IR filter (No. 1-69) and a Schott interference filter transmitting light as 663 nm with a half-bandwidth of II nm. The light beam was collimated and focused upon the reaction cuvette with appropriate lenses; light intensity at the surface of the cuvette was 250 ttw cm-2 P-700. Light-induced changes in P-700 were measured according to the method of Kok (24) but with a phosphoroscope design similar to that described by Murata and Takamiya (29) .
CHLOROPLAST ISOLATION AND REACTIONS
Chloroplasts were isolated from Scenedesmus using the techniques developed by Berzborn and Bishop (4) . Analyses were made either on chloroplasts prepared by the technique described earlier or on partially purified samples of the reaction center complex of PSI prepared according to the procedures of Thornber (40).
Methyl viologen reduction measurements, using either water or DCPIP-ascorbate as electron sources, were modified from conditions originally described by Kok et al. (26) and Izawa et al. ( 18) . Recovery of photosynthetic capacity was assayed for either in the original irradition flask or in Erlenmeyer flasks (125 ml) maintained in a Gilson respirometer at 25 C; aeration with 3% CO2 in air was continued during the dark incubation. Photosynthetic activity was measured every 30 min.
To determine the role of protein synthesis during the recovery phase of photosynthesis, vaying levels of the antibiotics cycloheximide (0-7.0 ,ug/ml), chloramphenicol (0-20 ,ug/ml), and lincomycin (0-20 jg/ml) were included in separate reaction flasks. 
The intensity of light required to initiate inactivation in LS-41 begins at a value greater than 1.5 mw cm 2 and saturation is attained only at values greater than 150 mw cm-2 (Fig. 2) . At values equal to or less than 1.5 mw cm-2 photosynthesis is stimulated in LS-41 as is also observed with WT cells. Higher intensities are required to elicit an equal inhibition of photosynthesis by LS-4. Also, when cells of either LS-41 or LS-4 are illuminated at one intensity (150 mw cm-2) but in the absence of 02, inhibition of photosynthesis is curtailed. Typical inhibition occurs when the gas phase is 3% CO2 in air but initial activation of photosynthesis, prior to inactivation, is observed when the gas phase is 3% CO2 in N2 (Fig. 3) . It is also evident no inactivation occurs when the gas phase is pure N2. The delayed inactivation seen when the gas phase contains CO2 and N2 results from accumulation of the O2 generated photosynthetically. The data summarized in Figures 2  and 3 demonstrate the photooxidative nature (photodynamic) of the inhibition to photosynthesis in the two phenotypes. This same type of inhibition of photosynthesis occurs with the WT cells of Scenedesmus but only at light intensities approaching 750 mw cm-2 (data not presented). Our findings confirm the more general concept of the photooxidative inhibition of photosynthesis in intact algal cells.
As indicated earlier loss or modification of pigments occurs during the photoinactivation period to a greater extent in LS-41 than in LS-4 ( Table I ). The most dramatic change noted, and apparently unrelated to the light sensitivity of the mutant strains, occurs in LS-4 and the WT. This is the disappearance of a- (Table II) .
To examine the specific site of light inhibition of photosynthesis in the two mutants a number of partial reactions of photosynthesis using intact irradiated and nonirradiated cells were examined. The reactions studied included photoreduction, the p-benzoquinone Hill reaction, anaerobic assimilation of glucose, and the 518 nm light-induced A change. The reactions were analyzed to determine the activity of PSI, PSII, and photophosphorylation, respectively, and the influence of irradiation upon them. Like photosynthesis, photoreduction is rapidly inhibited by light in both LS-4 and LS-41; the rate of inhibition of the two reactions appears quite similar (Fig. 4, upper and lower) . The rate of the quinone Hill reaction in cells of LS-41 decreases during the irradiation period but is much less sensitive than either total photosynthesis or photoreduction. In LS-4 irradiation enhances the rate of the quinone Hill reaction throughout the period of illumination in a manner comparable to that seen for cells of the WT. This higher sensitivity of a PSII-type reaction in LS-41 to light inhibition further distinguishes the two mutants; the possible cause of the inhibition of PSII is discussed in a later section. Because photosynthesis and photoreduction are similarly inhibited in both mutants it appears that the mode of inactivation involves either the mechanism of CO2 fixation or of PSI. Several lines of evidence suggest the inhibition occurs within PSI. First, the variable yield fluorescense of both LS-4 and LS-41 shows an immediate loss of the quenching of fluorescence produced by PSI light (712 nm) without a corresponding inhibition of the enhancement of fluorescence by PSII light (650 nm). Because the fluorescence of WT cells is quenched by strong white light irradiation the meaning of the changes in the variable yield fluorescence of the mutants is difficult to interpret; however, the general effect is that electron transport between the two photosystems appears to be affected by the irradiation (data not presented). Second, the anaerobic uptake of glucose, which has been interpreted by Tanner et al. (39) to be an indicator of cyclic photophosphorylation activity in algae, and to be an exclusive PSI reaction, is also inhibited by irradiation but at rates greater than that for either photosynthesis or photoreduction in LS4 (Fig. 5) . Comparable data, excluding dark reactivation, were also obtained for LS-41 (not shown). Third, observations on the light-induced A change at 518 nm [a phenomenon associated with PSI and the capacity of the chloroplast to perform photophosphorylation (32)] and on photohydrogen evolution by anaerobically adapted algal cells [a so dependent upon PSI activity (7) (Table II) . Also accompanying this loss is the destruction of the ax-tocopherol pool. Since the rates of destruction of these two components occur roughly in parallel with the loss of PSII activity, but slower than the course of inactivation of photoreduction and photosynthesis, it is viewed that this degradation is not primary in explaining the light lability of photosynthesis. It is apparent that the inactivation of photosynthesis in LSA 4l results in secondary changes in several chloroplast components including plastoquinone and a-tocopherol. Abundant evidence exists showing that plastoquinone is the primary electron acceptor of PSII; the role of a-tocopherol, if any, in the photosynthetic electron transport system has been recently discussed (2, 9) but never conclusively demonstrated. Its more accepted role, as an antioxidant serving to protect polyunsaturated fatty acids of membrane lipids against peroxidation, might be more pertinent for the case in study. Clearly, LS-41 is extremely liable to attack by free radicals generated during irradiation and both the carotenoid and a-tocopherol pools are largely depleted in an attempt to protect the photosynthetic system. Whether the level of the additional cellular antioxidant, ascorbic acid, is affected during photoinactivation was not studied. Cytochromes. Difference spectra analyses were made on the Cyt components remaining bound to isolated chloroplast fragments and the data obtained are summarized in Table III . No major loss of any Cyt was noted. The apparent changes in the mole ratios of Cyt to Chl presented for LS-4l result from the decrease in the Chl content ( Table I ) that occurs during the irradiation period. Although other chloroplast components of LS-41 normlally associated with PSII activity, i.e. plastoquinone, are affected by irradiation, this loss and associated damage to PSII does not extend to Cyt b-559 (H.P. or L.P.). Similarly, the Cyt normally associated with PSI, i.e. Cytf and Cyt b-562, are unaffected by the irradiation. Since neither plastocyanin nor Cytf is damaged during the inactivation of PSI and the apparent photodestruction of P-700 activity, it is clear that the electron donor system to P-700 is not altered and explains further why the kinetics of oxidation and reduction of P-700 are not altered during the inactivation process.
The behavior of the two LS mutants reported here apparently 
